Resonant cyclotron scattering of the surface radiation in the magnetospheres of neutron stars may considerably modify the emergent spectra and impede efforts to constraint neutron star properties. Resonant cyclotron scattering by a non-relativistic warm plasma in an inhomogeneous magnetic field has a number of unusual characteristics: (i) in the limit of high resonant optical depth, the cyclotron resonant layer is half opaque, in sharp contrast to the case of nonresonant scattering. (ii) The transmitted flux is on average Compton up-scattered by ∼ 1 + 2β T , where β T is the typical thermal velocity in units of the velocity of light; the reflected flux has on average the initial frequency. (iii) For both the transmitted and reflected fluxes the dispersion of intensity decreases with increasing optical depth. (iv) The emergent spectrum is appreciably non-Plankian while narrow spectral features produced at the surface may be erased. (v) Optical photons are less affected by resonant Comptonization than X-rays due to the different polarization of normal modes in resonances in these energy bands (circular and linear), so that the UV flux lies above the continuation of the X-rays fit to low frequency, as is observed in RX J1856.5-3754.
Introduction
The magnetospheres of neutron stars are filled with plasma, with the minimum magnetospheric plasma density being on the order of the Goldreich-Julian density n GJ = B·Ω/2πec (B is magnetic field , Ω is angular velocity, e is the elementary charge and c is the velocity of light), Goldreich & Julian (1968) . The magnetospheric plasma may efficiently scatter and absorb surface emission through resonant cyclotron scattering. If the plasma density in the magnetosphere equals the minimum Goldreich-Julian density, then resonant scattering is not important in the optical-X-ray range (Mikhailovskii et al. 1982, Eq. (7) ). On the other hand, under certain circumstances the real plasma density in the magnetosphere may exceed this minimum value. In rotationally powered pulsars pair excess on closed field lines can be due to pair creation by high energy photons (e.g. Wang et al. 1998 ). In magnetars (e.g. , large scale currents flowing in the magnetosphere result in particle densities much larger than the Goldreich-Julian density (Thompson et al. 2002) . In accreting sources (e.g. neutron stars in X-ray binaries or isolated neutron stars accreting from the interstellar medium, ISM) the external plasma may penetrate inside the magnetosphere due to the development of instabilities in the boundary layer (Ghosh et al. 1977; Arons & Lea 1980) . Finally, the presence of a dense magnetospheric plasma is well established in the case of the binary pulsar PSR J0737-3039A/B, where the multiplicity factor (the ratio of plasma density to Goldreich-Julian density) was inferred to be ∼ 10 5 (Lyutikov & Thompson 2005) .
The presence of a relatively tenuous plasma may lead to large magnetospheric optical depths for scattering and absorption since in soft X-rays the resonant cyclotron cross-section is five to six orders of magnitude larger than the Thomson cross section, Eq. (6). Due to large resonant cross-section, the amount of electron-ion plasma that must be suspended in the magnetosphere to produce an optical depth of the order of unity is tiny by astrophysical standards, of the order of 10 9 grams total, Eq. (9). Both the emission patterns and spectral properties of the surface radiation are then modified in the magnetosphere, as photons are scattered and their energies are Doppler-shifted in each scatter.
In this paper we describe salient properties of resonant scattering in neutron star magnetospheres and investigate semi-analytically the influence of scattering on emergent spectra in the non-relativistic limit, when the plasma temperatures are smaller than mc 2 /k B (where m is the electron mass and k B is Boltzmann's constant). We employ methods of radiative transfer that were developed for line-driven winds (Chandrasekhar 1945; Sobolev 1947 ) and were previously applied to cyclotron scattering by Zhelezniakov (1996) . We adopt a simple one-dimension model for photon propagation (called the Schwarzschild-Schuster method) which allows a clear description of the underlying physics. More involved Monte-Carlo simulations which take into account the full three-dimensional structure of the magnetosphere as well as relativistic effects are underway.
The majority of prior work on resonant cyclotron scattering considered either the atmosphere or the accretion column of neutron stars (Wasserman et al. 1980; Nagel 1981; Lamb et al. 1990; Dermer & Sturner 1991) , in which case the thickness of the plasma column H (centimeters or meters) was assumed to be much smaller than the thickness of the resonant layer (see Section 2) ∆r ∼ β T r (r is the distance from the center of the neutron star and β T is the thermal velocity in terms of the velocity of light). In this case the transfer of resonant radiation occurs in a quasi-homogeneous magnetic field. Higher up in the magnetosphere H becomes larger than ∆r, so that the effects of the magnetic field 's inhomogeneity become important. In this case properties of resonant scattering are different from the case of a homogeneous magnetic field and are somewhat counterintuitive. For example, Zhelezniakov (1996) has pointed out that in a strongly inhomogeneous magnetic field in the high optical depth limit resonant layers are semi-opaque. Following up on this work, we investigate spectral properties of the transmitted radiation. We show that if a considerably dense, warm plasma is present in the magnetosphere (so that both the resonant cyclotron optical depth and the frequency Doppler shifts during scattering are non-negligible), then (i) the transmitted spectra are modified, so that thermal surface emission has a resulting non-Plankian spectrum; this effect is most pronounced at optical depths ∼ few, while for very large optical depths the spectrum remains nearly Plankian; (ii) transmitted radiation is preferentially Compton up-scattered in frequency, so that the real surface temperature may be smaller than the one inferred from spectral fits; (iii) surface spectral feature may be erased; (iv) scattering in the optical and X-ray bands occur in different regimes due to different polarization properties of normal modes (circularly polarized in optical and linearly polarized in X-rays). As a result, if the scattering plasma is electron-ion, optical photons are less affected by Comptonization so the optical flux would exceed the long wavelength continuation of the X-ray spectrum.
We assume that plasma is tenuous, so that typical frequencies are much larger than the plasma frequency, and the typical wavelength is much larger than the skin depth. The refractive indexes are then close to unity and Debye screening is not important in calculating the scattering probabilities. Collisional processes may also be neglected for the densities and temperatures involved. We also assume that initially radiation is not polarized; this is a considerable simplification since neutron star surface emission is expected to be polarized, especially at magnetar field strength (Lai & Ho 2003; Ozel 2003) .
Resonant Scatter in the Magnetosphere

Resonant Layers
If the magnetosphere of a neutron star is populated by warm (non-relativistic) plasma, quasi-thermal radiation coming from the surface of the neutron star may experience strong scattering at the cyclotron resonance, located for a given photon energy at a radius
where r N S ∼ 10 6 cm is the neutron star radius, B N S is the surface magnetic field, b = B N S /B cr , B cr = 4 × 10 13 G is the critical magnetic field, is Plank constant divided by 2π, m is the electron mass, ǫ is the energy of a photon. The importance of resonant scattering may be characterized by the resonant optical depth (Mikhailovskii et al. 1982; Zhelezniakov 1996) 
where α ′ is the angle between the incoming photon and the local magnetic field, σ res is a resonant cross-section
Γ = 4e 2 ω 2 B /3m e c 3 is the natural width of the first cyclotron line, n is the plasma density and we assumed dipolar fields with |∂ ln ω B /∂ ln r| = 3. The meaning of optical depth τ 0 is that only e −τ 0 fraction of photons coming from direction α ′ passes through the resonant layer without scattering. This is different from the relative number of photons that passes through the resonant layer after experiencing multiple scattering in the layer.
In the spectral range of interest absorbed photons are almost immediately remitted since the synchrotron transition times ∼ 1/Γ are shorter than the dynamical time r/c for
Or, in terms of energy ǫ > 27c 13 5 m 4 64B N S e 7 r 3 N S 1/5 = 10 −3 b −1/5 eV.
Only microwaves and longer waves suffer true absorption; all the higher energy radiation is scattered.
The resonant optical depth (2) greatly exceeds the non-resonant optical depth for Thom-
for 1 keV photons. Thus, the presence of even a tenuous plasma in the magnetosphere may provide a substantial optical depth to resonant scattering. For example, if the plasma density is normalized to the Goldreich-Julian density, n = λn GJ , then the corresponding optical depth is τ ∼ λ rΩ 3c (7) so that minimal magnetospheric density is not sufficient to produce considerable absorption, except near the light cylinder. In order to produce an optical depth of the order of unity the required density is
where λ C = /mc is the Compton wave length and r e = e 2 /mc 2 is the classical radius of an electron. Estimating the total volume of the scattering material as V ∼ 4πr 3 /3, the total number of scatters required is only
If the plasma is electron-ion, then this corresponds to a mass of only ∼ 2 × 10 9 b g and corresponding smaller for pair plasma.
Resonant Scattering in an Inhomogeneous Magnetic Field
If the plasma in the magnetosphere is warm, the cyclotron resonance width will increase beyond Γ due to the Doppler effect: |ω−ω B | ∼ β T | cos α| (in non-relativistic plasma radiation transfer occurs on the first harmonic; higher harmonics s are suppressed by β 2s T ≪ 1). In an inhomogeneous magnetic field 1 the spatial resonance width is
where L B = −1/∂ r ln ω B and the last equality assumes a dipole magnetic field.
Scattering in inhomogeneous magnetic field
Depending on whether the thickness of the scattering layer H is larger or smaller than the resonant width ∆r = β T L B , the radiation transfer occurs in two different regimes: weakly inhomogeneous field, β T L B ≫ H (this is relevant to radiation transfer in photosphere and polar column), and strongly inhomogeneous field β T L B ≪ H, relevant for radiation transfer in the magnetosphere (Zhelezniakov 1996) . In a weakly inhomogeneous field a resonant photon that has been scattered once and which frequency has been modified due to Doppler effect, has a final frequency that typically lies outside of the resonant layer, so that the photon is likely to leave the system. For a continuum spectrum falling on the resonant layer this leads to formation of a narrow absorption line. In a strongly inhomogeneous field, ∆r ≪ H, a scattered photon typically remains in resonance and can experience multiple scattering. If a warm plasma, β T ≤ 1, fills a considerable fraction of the magnetosphere, the resonant width is smaller that the thickness of the plasma column, H ∼ r, by a factor of β T /3, so that resonant scattering occurs in a limit of strongly inhomogeneous field. For relativistically hot plasma, β T ∼ 1, the width of the resonance becomes comparable to the inhomogeneity scale and the approach developed in this paper is not valid anymore. Resonant scattering in the relativistic limit has been studied in context of early models of GRBs and pulsar magnetospheres (e.g. Lamb et al. 1990; Brainerd 1992; Sturner et al. 1995; Lyubarskii & Petrova 2000; Gonthier et al. 2000) 
Polarization in resonance
In neutron star magnetospheres both plasma and quantum effects influence the propagation and wave absorption through polarization of normal modes. Depending on the polarization of normal modes, there are two possible regimes of cyclotron radiation transfer. For weak magnetic field and/or low frequencies, plasma effects dominate over quantum effects. In this case waves propagating along magnetic field are circularly polarized (if plasma is electron-ion) and in the case of warm plasma, β T ≤ 1, radiation transfer occurs on the extraordinary wave, while cross-sections for scattering of the ordinary wave is smaller by β 2 T . Alternatively, in strong magnetic field and/or for high frequencies, wave polarization is determined by quantum vacuum effects. In this case waves are linearly polarized (for parallel propagation) and both modes are strongly scattered.
In resonance, waves remain linearly polarized (dominated by quantum contributions) if the following condition is satisfied (Zhelezniakov 1996) 
Assuming that optical depth is of the order of unity, ω 2 p ∼ ω B c/r, dipole geometry and β T = 0.3 and ω 2 p = τ ω B c/r we can find the photon energy above which polarization is determined by quantum vacuum corrections
Thus, starting from far UV quantum vacuum corrections to wave polarization dominate over plasma contributions, so that normal modes are linearly polarized and have similar resonant cross-sections (Thompson et al. 2002) .
Radiation transfer
General relations and Schwarzschild-Schuster method
The photon transfer equation is best derived using covariant formulation (Lindquist 1966) . The invariant transfer equation for photon occupation numbers n is
where S represents a collision rate between photons with occupation numbers n and electrons with a distribution function f . Integration is over electron momenta d 3 p, γ is the electron Lorentz factor, k µ is the photon four-momentum. We wish to write down equation of radiative transfer for resonant scattering taking into account only linear terms in β. This is best done in the frame where the electron is at rest and then transforming to the fluid frame (Hsieh & Speigel 1976; Blandford & Payne 1982) .
The invariant collision integral is
here prime denotes a scattered photon, subscript 0 denotes quantities measured in the electron's rest frame.
We are interested in terms linear in the thermal velocity of the particles, and thus we neglect recoil effects. In this case ν ′ 0 = ν 0 and the scattering cross-section is symmetric between the two states:
where µ 0 is the cosine of the angle between the photon momentum and the direction of the magnetic field . Neglecting induced process, n ≪ 1, we find
Transforming to the lab frame, ν 0 = γ(1 − βµ)ν and using
we arrive at
where µ 0 and µ ′ 0 now should be expressed in terms of laboratory frame quantities, µ 0 = (µ − β)/(1 − βµ) and similarly for µ ′ 0 . Assuming a non-relativistic one-dimensional electron distribution, f e = f (p )δ(p ⊥ )/2πp ⊥ , γ ∼ 1, and a stationary plasma (so that odd power of β average to zero), we find
In order to investigate the salient features of resonant radiation transfer, we make a simplifying one-dimensional approximation for photon propagation (this is called the Schwarzschild-Schuster method in radiation transfer). More advanced analytical methods, e.g. , using Gauss formula for numerical quadratures (Chandrasekhar 1944) lead to complicated equations. [Note that Chandrasekhar (1945) used Gauss method for similar problem of line-driven wind, but neglected aberration effects and kinematic enhancement of crosssection, both linear terms in particle velocity β.] In the Schwarzschild-Schuster method the integral in the source function is replaced by a sum over forward and backward propagating photons. Eq. (19) is then replaced by a system of two equations for l = ±1:
Radiative transfer in an inhomogeneous magnetic fields
In an inhomogeneous magnetic field radiation transfer occurs both in real space as photons diffuse through the resonant layer, and in frequency space as their frequencies are Doppler shifted at each scattering. Neglecting the natural line width Γ, at each scatter there is a conserved quantity, the velocity of the particle
Thus, resonant radiation transfer on particles with different velocities occur independently (Zhelezniakov 1996) . This allows a simplification of the the problem if we consider β instead of ω as an independent variable. Accordingly, we transform to variables x − β by multiplying Eq. (20) by δ(ν(1 − βµ) − ν B ) and integrating over ν:
where n + = dνn(ν)δ(ν(1 − β) − ν B ), and similarly for n − .
In a weakly inhomogeneous magnetic field we can approximate
where τ = L B f e (β)π 2 e 2 /mc. System (23) differs from the similar equations of Chandrasekhar (1945) and Zhelezniakov (1996) due to the presence of velocity terms on the right-hand side. These terms come from the kinematic factor 1 ± β in the collision rate. Since we are interested in the non-relativistic limit β ≤ 1, in what follows we neglect terms with β on the right hand side. This allows us to obtain an analytical solution for the transfer function. In appendix A we verify the validity of this approximation using Monte-Carlo simulations. In the limit β → 0 system (23) becomes
Resonant optical depth τ is generally a function of both x (e.g. through the dependence of the density on x) and β. For simplicity we assume that the density is constant, τ = τ (β).
Introducing new functions f and g (cf. Chandrasekhar 1945) 
Eq. (24) becomes
Which may be expressed as a second order partial differential equation for f only
This equation describes the transfer of resonant cyclotron radiation in a hot plasma in an inhomogeneous magnetic field.
As a simple analytically tractable case we assume that the distribution of particles is a "water-bag"
Eq. (27) then becomes 2 3
Assuming that ω 0 is the frequency resonant at x = 0, ω 0 = ω B 0 , the resonance is given
The Green's function for this equation is
The initial condition for this system is that a monochromatic wave falls onto the inner edge of the resonant layer and that there is no radiation falling on the outer edge. In coordinates {β, x} the inner boundary of the resonant layer is located at
where the intensity has been normalized to unity.
The solution of Eq. (30) given the boundary conditions (32) can be found using standard methods of mathematical physics (e.g. Courant & Hilbert 1953) .
and
In the case of a water-bag distribution η 0 = 0, ξ 0 = −2β T , and we find the transmitted and reflected fluxes
where the transmitted flux n + should be evaluated at ξ = 2β T − η, while the reflected flux n − at η = 2β T − ξ. Returning to frequencies ω,
These relations are the solutions for the transfer function, giving the fluxes of transmitted and reflected radiation for an initially monochromatic wave (see Fig. 2 ).
The reflection probability, found by integrating (36) over frequencies, is
In the large optical depth limit p ref l = 1/2. (Zhelezniakov 1996) .
For small optical depths
while in the limit of large optical depths
Qualitative properties of resonant transfer function
The properties of the transmitted and reflected fluxes (36) are very different from Thomson scattering and from resonant cyclotron scattering in a homogeneous magnetic field . (Fig. 2 ). In the small optical depth limit, τ 0 ≪ 1, the reflected wave has an approximately constant spectral flux, ∝ τ 0 , centered at ω 0 with dispersion ∆ω/ω ∼ 2β T . The transmitted radiation, ∝ τ 2 0 , is up-scattered, spanning ω 0 < ω < (1 + 4β T )ω 0 . In the large optical depth limit τ 0 ≫ 1 the spectral fluxes of the reflected and the transmitted radiation are equal, so that a resonant layer with high optical depth is half opaque, Eq. (37), see also Zhelezniakov (1996) . This is in sharp contrast to the case of non-resonant scattering and to the case of resonant cyclotron scattering in a homogeneous magnetic field , when the transmitted wave is only ∝ e −τ ≪ 1. Half opaque resonant layers are also reminiscent of the case of line-driven winds (Sobolev 1947) . The transmitted radiation is Compton up-scattered by a factor ∼ 1 + 2β T , while the reflected waves on average have ω ∼ ω 0 . Note that this up-scattering is done by a non-relativistic, static warm medium in the limit where recoil effects are neglected, (cf. Kompaneets 1956) . Next, as optical depth increases, the transmitted and the reflected fluxes have increasingly narrower distributions. The typical dispersion around the central frequency is ∆ω/ω 0 ∼ 2 √ 2β T / √ τ for τ ≫ 1. This again can be contrasted with non-resonant Thomson scattering, in which case dispersion increases with increasing τ .
The two most unusual characteristics of resonant cyclotron scattering in a strongly inhomogeneous magnetic field are the facts that in the high optical depth limit the transmission coefficient is 1/2 and that the transmitted multiple-scattered photons are preferentially upshifted in energy (for a water-bag distribution they are always up-shifted in energy). This can be explained in the following way (Zhelezniakov 1996) . In the high optical depth limit, most photons will experience the first scatter on electrons moving backwards (along the negative direction x) with β ∼ −β T . This occurs near the dimensionless coordinate x ∼ −β T . Photons that are re-emitted backwards have their frequency increased by 1 + 2β T . For these photons the resonant layer is located closer to the star, shifted by ∆x = −2β T , so that the reflected photon finds itself outside of the resonant layer. Thus, the photons are trapped between two resonant layers. As a result their escape probability is 1/2 in each direction (see Fig. 3 ).
To understand the energy up-shift of the transmitted multiple-scattered photons, suppose that a photon is scattered backward at some position x on a particle with velocity β 1 . The energy of the photon increases for β 1 < 0 or decreases for β 1 > 0. The photon can resonate again only with particles whose velocity satisfies β > β 1 . As a result, in the subsequent forward scatter its energy will either decrease by an amount smaller than the initial increase (for β 1 < 0), or increase by an amount larger than the initial decrease (for β 1 > 0).
Magnetar spectra due to resonant scattering
Magnetospheric plasma in magnetars
In magnetars, large scale currents flow in the magnetosphere, pushed out of the neutron star interior by the slow unwinding of the non-potential magnetic field (Thompson et al. 2002) . The strength of the electrical currents is determined by the speed with which the internal magnetic field unwinds. It is expected that the resulting toroidal magnetic field B φ is limited by the poloidal field B p , B φ ≤ B p (for larger fields the configuration is likely to be unstable to, e.g. , kink modes). If B φ ∼ ∆φB p , where ∆φ ≤ 1 is a pitch angle of the magnetic field, the particle density required to carry the current will result in a plasma frequency of the order
where v ≤ c is a the typical velocity the current carries. The resulting optical depth
is of the order of unity, regardless of the mass, frequency and magnetic field (Thompson et al. 2002) . Thus, currents flowing in magnetar magnetospheres may provide large optical depth to resonant cyclotron scattering. Electrons then can be heated due to the development of a two stream instability operating on short time scales, ∼ 1/ω p ∼ r/ω B cτ .
Multiple scattering of radiation in X-ray band
Emission from the neutron star's surface may be modified by resonant scattering. As radiation from the surface propagates in the magnetosphere it is scattered in a resonant layer, some of it is reflected back toward the star and may experience multiple scattering between different hemispheres, so that the emergent spectrum is a sum over many reflections. At every reflection from a resonant layer radiation is broadened by the random motion of resonant electrons, without changing the mean frequency, while the multiply scattered transmitted radiation is Compton up-scattered 1 + 2β T . If the scattering plasma occupies a large fraction of the magnetosphere, the resulting spectrum is a sum of broadened Plank spectra (the broader the component, the smaller its relative intensity), Compton up-scattered by an optical depth-dependent factor of the order 1 + 2β T .
First, we calculate semi-analytically transmitted flux for initially Plankian spectra by summing over multiple reflections between resonant layers located in different hemispheres. In the spirit of our one dimensional approach, we assume that the scattering surfaces are plane parallel. If the spectrum of the surface emission is given by n s (ω 0 ) then the observed spectrum becomes
where the sum is over multiple reflections. Fortunately, the sum quickly converges since each consecutive term is at least two times smaller than the previous one (for numerical computation we limit the sum to 6 terms, which results in an error of the order of 2% at most).
Results of the calculations are presented in Figs. 4. First, the spectrum is overall upscattered. The initial spectrum is shifted to higher energies, by as much as 1 + 2β T in the limit τ 0 ≫ 1 (for smaller optical depths the shift of the emission peak is smaller). As a consequence, the real surface temperature is smaller by as much as a factor 1 + 2β T than the one inferred from the Compton up-scattered flux.
Secondly, for optical depth τ 0 ∼ 1 the transmitted spectrum is non-Plankian, see Fig. 5 . Modification of the spectra comes both from increased photon dispersion during each reflection as well as from summing contributions from several reflections. Note, that the non-Plankian form of the transmitted spectrum is mostly prominent at τ 0 ∼ few. In this case the reflected flux becomes comparable to the initial flux. On the other hand, in the limit of large optical depth τ 0 ≫ 1, each reflection does not lead to an increase in the flux dispersion, so that the transmitted flux remains mostly Plankian, but with the peak shifted to larger energies by 1 + 2β T .
Asymptotic spectrum at frequencies much higher than the initial frequency can be estimated if we assume that each reflection acts as a Gaussian filter with a typical dispersion σ ∼ β T ω 0 ≤ ω 0 and that the reflection probability is 0 < p < 1/2. Neglecting the small frequency shift during the final transmission, the resulting flux F is a sum over all reflections
For n ≫ 1 we can substitute the sum by an integration and evaluate the integral by the steepest decent method at n ∼ ω/( 2 ln(1/p)σ),
Qualitatively, it takes on average n ∼ ω/(β T ω 0 ) scattering to reach a frequency ω ≫ ω 0 , but the intensity of radiation is decreased by p n+1 . Thus, scattering by weakly relativistic warm plasma with β T ≤ 1 produces a non-thermal spectrum with an exponential cut-off at ω ∼ k B T /( β T ).
Spectral Fitting
Motivated by the fact that resonant Compton scattering qualitatively reproduces magnetar spectra, we performed a preliminary analysis to verify that it can also do so quantitatively. We decided to fit our model to a 28.8 ks long Chandra X-ray observatory observation of the anomalous X-ray pulsar (AXP) 1E 1048.1-5937. In the literature 1E 1048.1-5937's spectrum has been characterized by a two-component model consisting of a blackbody of temperature kT ∼ 0.6 keV and a power-law tail with spectral index Γ ∼ 3. We chose this source because its spectrum is intermittent between the anomalous X-ray pulsars (AXPs) and the soft-gamma repeaters (SGRs). An analysis of all magnetar spectra will be done in the future. Given that our model is semi-analytical we created a table of intensities for different values of β, τ and kT . We developed software to convert this grid into a format that could be read by the X-ray spectral fitting program XSPEC 4 . Using XSPEC the model was folded through the instrumental response and multiplied by a photoelectric absorption model. Only counts between 0.5-1.67 and 1.91-6.7 keV we ere included in the fits leaving 281 channels for spectral fitting. The 1.67-1.91 keV region of the spectrum was ignored because of an instrumental feature in the spectrum. For more details on the analysis of this Chandra observation of this 1E 1048.1-5937 see (Gavrill et al. 2005) . In our fits β and τ were held fixed at predetermined values but we allowed the column density N H , the temperature kT and the normalization to vary freely. We repeated the procedure for different values of β and τ until we minimized a χ 2 statistic. Even with our course grid in β and τ we were able to successfully reproduce the observed spectrum, the fit had a reduced χ 2 dof = 1.05 for 278 degrees of freedom (dof) . We compared our model to a blackbody plus power law model and a double blackbody model, a summary of our spectral fits is given in Table 1 .
For comparison we plot the best-fit blackbody plus power law model and the best-fit resonant Compton catering model for this observation in Figure A . It is interesting to note that our model fairs just as well as the "canonical" magnetar spectra model of a blackbody plus power-law model (see Table 1 ). Furthermore, it is interesting to note that all three models listed in Table 1 have the same number of parameters and fit the data well, however, the resonant Compton scattering model has an advantage: it is a single (rather than a double) component model which has a clear physical interpretation within the framework of the magnetar model.
Secular spectral variations
Most magnetar candidates (AXPs and SGRs) show evidence of secular spectral variability (e.g. Marsden & White 2001; . In the magnetar model this is readily explained by a variable current flowing in the magnetosphere producing variable optical depth to resonant scattering (Thompson et al. 2002) . 5 Although magnetar candi-dates can exhibit large flux and timing variations, spectral variability is much more subtle. Spectral variations in their persistent emission have been prominent during active bursting periods. For example, significant spectral evolution was observed during an outburst of AXP 1E 2259.1+586 involving ∼80 bursts within a 3 hr observations . The outburst was accompanied by a pulse morphology change, a large (∆ν/ν ∼ 4 × 10 −6 ) rotational glitch and a factor of > ∼ 10 flux enhancement ). 1E 2259.1+586's spectrum, which is well modeled by a blackbody plus a power-law tail, was also affected. found that at the time of the burst the blackbody temperature abruptly increased from kT ∼ 0.4 keV to ∼1.7 keV and then promptly decayed back to ∼0.5 keV within a few days. The outburst also affected the non-thermal component of the pulsar's spectrum, such that the power-law photon index hardened from its nominal value of Γ ∼ 3.5 to ∼2.5 and then returned back to its quiescent value on a time scale comparable to the thermal spectral variation . The correlation between the luminosity and the hardness of the non-thermal component of the source's spectrum is consistent with the large-scale current bearing magnetosphere model of Thompson et al. (2002) . 1E 2259.1+586's behavior is reminiscent of that of SGR 1900+14 after its giant flare on 1998 August 27 (Feroci et al. 2001) . Coincident with the flare SGR 1900+14 exhibited a large flux variation, a pulse morphology change and a timing anomaly (Woods et al. 2001) . The source's spectrum also varied such that the blackbody temperature increased from kT ∼ 0.5 keV to ∼0.94 keV (Woods 2003) , similar to what was observed in 1E 2259.1+586. However, the power-law photon index saw no change (Lenters et al. 2003) , if anything Woods (2003) suggest that the non-thermal component softened.
More recently a similar, yet much more subtle change was reported by Rea et al. (2005) in AXP 1RXS 1708-4009. They find that the source's spectrum has been softening, specifically they find that the photon index increased from Γ ∼ 2.4 to ∼2.8. They suggest that the variability is related to the two glitches reported from this source (Kaspi et al. 2000; Dall'Osso et al. 2003) . They also found a subtle (factor of ∼2) decrease in the pulsar's flux following the glitches. The hardness-luminosity correlation here too is consistent with the Thompson et al. (2002) model. Rea et al. (2005) suggest that the glitches, flux enhancement and spectral hardening at around the time of the glitches are due to an outburst similar to 1E 2259.1+586's (albeit less catastrophic) that went undetected. AXP 1E 1048.1-5937 exhibited two long lasting flux variation episodes lasting several months , however Tiengo et al. (2005) found that the spectrum of the source saw only subtle changes in its power-law component during the tail of the second flare, more explanation, but an upper limit on the magnetic field ≤ 3 × 10 13 G Kaplan et al. (2002) seem to exclude the magnetar hypothesis for it. precisely Γ went from ∼3.02 to ∼3.44. It seems thus far that spectral variations are always accompanied by luminosity changes and/or other transient behavior, however the opposite is not necessarily true. For example, AXP XTE J1810-197's flux has been steadily decaying (it decreased exponentially by ∼46% in ∼300 days) however its spectrum seemed to be consistent with a two-blackbody model with temperatures remaining constant at kT 1 ∼ 0.3 keV and kT 2 ∼ 0.7 keV (Halpern & Gotthelf 2005) .
Other applications
Smearing of spectral lines
Atmospheres of neutrons stars were expected to produce spectra abundant with spectral features (e.g. Zavlin & Pavlov 2002) . Though spectral features were observed in some pulsars, their absence in some prominent sources like RX J1856.5-3754 (Drake et al. 2002) , poses a challenge to atmospheric models, (see, e.g. , van Kerkwijk 2003, for review). Resonant scattering may provide a possible explanation. Let us calculate the effects of cyclotron scattering in a magnetosphere filled with plasma on a narrow spectral feature superimposed on a thermal spectrum. The initial spectrum is taken to be a thermal plus a narrow emission line located at the energy ǫ line = 5k B T with a width ∆ǫ line = 0.1k B T and total intensity 1/100 of the black body (Fig. 6 ). The emission passes through the magnetosphere with optical depth τ 0 = 1. After multiple reflections the transmitted intensity is virtually indistinguishable from the one obtained from just a thermal spectrum without an emission line. Thus, scattering in the magnetosphere may provide an explanation for the lack of spectral features in neutron star.
Optical emission and RX J1856.5-3754
The character of multiple reflection between different hemispheres changes drastically for UV and longer wave lengths, when the wave polarization at resonance becomes circular Eq. (12). Consider, for simplicity, the scattering of unpolarized light in a monopole magnetic field in a one-dimensional approximation in case when normal modes are circularly polarized (Fig. 7) . For unpolarized light propagating through an electron-ion plasma, half of the intensity (with circular polarization such that electric field of the waves rotates in the same direction as the positive charges) is transfered without scattering, while the other half (with polarization such that the electric field rotates with the electrons) is scattered with the transfer functions calculated in Section 3. In the limit τ ≫ 1 half of the scattered radiation is re-emitted forward, half backward, so that the transmission coefficient is 3/4 instead of 1/2 for the case of linearly polarized waves. In addition, when the reflected component reaches opposite hemispheres, the electric field of the wave rotates in the opposite direction of the electrons and does not experience any more scattering. Thus, in this simple one-dimensional picture, long wave-length radiation does not experience multiple reflections between resonant layers in different hemispheres.
Different properties of resonant scattering in X-rays and optical wavelengths may be relevant for isolated neutron star like RX J1856.5-3754, (Braje & Romani 2002; Drake et al. 2002) , see Kaspi et al. (2004) for a review. In X-rays it has a featureless thermal spectrum with k B T ≃ 50 − 60 eV while the optical emission is too bright, and is modeled with k B T ≃ 33 eV. Resonant scattering may offer a possible explanation to this disagreement in temperatures since optical and X-ray frequencies are scattered in different regimes, so that optical emission is less affected by resonant scattering. Since resonant scattering "moves" photons to higher energies, this should lead to over-prediction of optical flux if extrapolated from X-rays, in accordance with observation. In Fig. 8 we show how the initial Plankian spectrum (dashed line) is modified in X-rays and in optical. For given parameters, β = 0.3, τ = 3 the optical flux exceeds the continuation of the X-ray tail by a factor of 1.7. Since an energy source is required to heat the magnetospheric plasma, RX J1856.5-3754 should be magnetar, as suggested by (e.g. Mori & Ruderman 2003) , or a γ-ray pulsar whose beam misses the observer (e.g. Braje & Romani 2002) .
Young pulsars
The importance of cyclotron scattering in the magnetosphere on the soft X-ray properties of young pulsars has been first pointed out by Wang et al. (1998) , see also Ruderman (2003) . It was suggested that abundant pair creation may occur on closed field lines which would produce a large optical depth to cyclotron scattering. Unfortunately, the model of the cyclotron blanket proposed in the above references is incorrect since it was assumed that in the high optical depth regime most of the emission is reflected back to the star. In fact, resonant up-scatter leads to an increase of the radiation temperature by a factor ∼ 2β T ∼ 10 − 20% at most, contrary to what was proposed by Ruderman (2003) . On the other hand, estimates of the effective emitting area based on the observed luminosity and the effective temperature is the same as the one based on the real surface temperature and real surface thermal luminosity. To see this, note that the radii of neutron stars are conventionally found from the luminosity and observed temperature, R ∼ (L X,s /4πσ SB T 4 s ) 1/2 , where L X,s is the surface X-ray luminosity, σ SB is Stefan-Boltzmann constant and T s is the surface temperature. If effects of resonant Comptonization are important, then the surface temperature is lower than the observed one: T s ∼ T X /(1 + 2aβ T ), (T X is the temperature inferred from the spectral fit, and 0 < a < 1 is a coefficient dependent on the resonant optical depth). On the other hand, the observed luminosity has contributions both from the thermal surface emission and from the energy of the scattering electrons, so that the total luminosity is L
Accreting neutron stars
For sources accreting through the magnetosphere at a residual rateṀ , the optical depth at energy ǫ is
with r res given by Eq. (1). This accretion rate is larger than the Bondi rate for a neutron star moving at ∼ 100 km/sec through the ISM,Ṁ B ∼ 10 −17 M ⊙ /yr, so that isolated neutron stars which are not high energy pulsars or magnetars cannot support dense, hot magnetospheres (cold plasma may be supported by radiation pressure Dermer & Sturner (1991) ). On the other hand, the accretion rate (Eq. 45) is considerably smaller than is typically reached in Xray binaries. It is expected that most of the accreting material is either channeled along the polar magnetic field lines or is flung out by the propeller effect, but even if a small amount of accreting material gets into the bulk of the neutron star's magnetosphere (e.g. due to development of resistive instabilities in the boundary layer) the resulting resonant cyclotron optical depth can be considerable.
In addition, even in the accretion column, the effects of magnetic field inhomogeneities are non-negligible since the size of the accretion column H, which is typically tens of meters, may become comparable to the width of the resonance layer, which for temperatures of ∼ 5keV (β T = 0.01) and dipole magnetic field L B ∼ r N S /3 is δr = β T L B ∼ 30 meters. Thus, effects of magnetic field inhomogeneities should introduce corrections of the order of unity to resonant radiative transfer in the accretion column.
Discussion
Astrophysically small amount of matter, heated by some external source of energy, may considerably modify the emergent spectra through resonant cyclotron scattering in the magnetospheres of neutron stars and thus impede the effort to understand the structure and composition of neutron stars and their equation of state. The way emission is modified is qualitatively different both from the case of non-resonant Thomson scattering as well as resonant scattering in homogeneous magnetic field .
During resonant Comptonization the number of photons is conserved, while their energy increases by a factor of ∼ 1 + 2β T . This photon energy increase comes at the expense of the electron energy. Since the minimal charge densities required to produce an optical depth of the order of unity are small (Eq. 9), leptons are efficiently cooled by Comptonization, so that to be in steady state they should be heated by some energy source. The power required is ∼ β T L X where L X is the observed X-ray luminosity. Depending on the nature of an object heating can be achieved by different sources. In young pulsars this may be achieved by pair production by high energy γ-ray emission, Wang et al. (1998) . In magnetars, charges are pulled from the surface by inductive electric fields generated due to slow crustal motion, Thompson et al. (2002) . In X-ray binaries residual accretion through the magnetosphere will heat the plasma due to the release of gravitational energy.
Resonant Comptonization by mildly relativistic plasma generically results in soft nonthermal spectra, similar to what is observed in anomalous X-ray pulsars at intermediate energies, ≤ 10 keV. Non-thermal effects are most prominent for mildly relativistic plasma β T ≤ 1 at intermediate optical depths, τ ∼ 1. On the other hand, at large optical depths, τ ≫ 1 transmitted spectrum is nearly thermal, but shifted to higher frequencies.
An important advantage of the model is that in our case photons are just moved to higher energies, so that one cannot simply extrapolate the data from the X-rays down to longer wavelengths. In the conventional blackbody plus power law fitting procedure one also needs to assume a low energy cut-off to the power law, (cf. Halpern & Gotthelf 2005) , such a cutoff is not required in our model.
As a principal application of the model, we have fitted non-thermal spectrum of AXP 1E 1048.1-5937 and found a quantitatively good agreement. Besides the production of non-thermal spectra in magnetars, resonant scattering may change estimates of the surface temperature while conserving the overall Plankian form of the spectrum (in case of high optical depths), and may explain the lack of surface spectral lines. Variations of magnetospheric plasma parameters may induce spectral changes on time scales much shorter than the evolutionary time scale of neutron stars. Finally, since long wave length photons are less affected by Comptonization, optical flux lies above the Rayleigh-Jean continuation of the X-ray flux, similar to what is observed for RX J1856.5-3754.
In this paper we addressed the principal issues related to resonant cyclotron transfer, employing a simple one-dimensional model of resonant radiation transfer in the limit of nonrelativistic temperatures of scattering particles with a water-bag distribution. More involved three-dimensional Monte-Carlo simulations are in progress. They will extend the current approach to polarized surface emission. The magnetospheric plasma may be relativistically hot, β T ∼ 1, in which case the diffusion of photons both in frequency and in real space is nonlocal and, in addition, scattering on high harmonics becomes important. Also, possible bulk motion of the scattering plasma may lead to additional effect of bulk Comptonization. Resonant scattering by relativistic electrons has been invoked by Thompson & Beloborodov (2004) to explain the high energy emission from magnetars. Finally, the fact that surface radiation is not blackbody (e.g. Zavlin & Pavlov 2002) should also be incorporated. We plan to address some of these issues in the subsequent publication. electrons, whose cross-section is enhanced by 1 + β. On the other hand, at high optical depth deviations from analytical results are small. In this limit photons experience multiple scatterings inside the layer so that the relative velocity of the electrons between each scatter is small and the kinematic enhancement is not important. For small τ 0 ≤ 1 the reflected photons have a homogeneous distribution since the intensity of the initial beam remains approximately constant. The reflected intensity is ∝ τ 0 . The transmitted flux shows an initial δ-function and a double scattering tail ∝ τ 2 , the different panels show that as the optical depth increases the height of the initial δ-function peak decreases, while the intensity of reflected beam increases. In the limit τ → ∞ both the reflected and the transmitted intensities are equal (one half of the initial intensity). For larger optical depth the dispersion of both the reflected and transmitted intensities decrease . In this limit the transmitted photons are Doppler up-shifted on average by ∆ω/ω = 1 + 2β T , while the reflected photons have on average ω ≈ ω 0 . is Plankian plus an emission line located at ω line = 5k B T , with a width ∆ω line = 0.1k B T and total intensity 1/100 of the black body. The transmitted intensity (solid line) is barely above the transmitted intensity for the no line case, Fig. 4, (dotted line) . The difference between the two (long dashed line) has a complicated profile, but it's intensity is only ∼ 1%. At optical and longer wavelengths transmission is higher and there are no multiple reflections between different hemispheres (in a simple one-dimensional model), so that the optical flux is less affected by resonant scattering and Comptonization. For given parameters the optical flux exceeds the continuation of the X-ray tail by a factor 1.7. This may explain the different temperatures inferred from the X-ray and optical observations of RX J1856.5-3754. Fig. 9 .-X-ray Spectrum of the Anomalous X-ray Pulsar 1E 1048.1-5937 as observed by the Chandra observatory. Left: The data fit with our resonant Compton scattering model. See Table 1 for best-fit parameters. Right: Same spectra but fit to a blackbody plus power law. see Table 1 for 
